Apoptosis is an indispensible process to maintain cellular homeostasis, in particular in highly dynamic tissues. Apoptosis can be induced by activation of death receptors (DRs; such as TRAIL-R1/R2 or cluster of differentiation 95 (CD95)) or by intrinsic disturbance of mitochondria.^[@bib1]^ Death ligands (DLs; TNF-related apoptosis-inducing ligand (TRAIL) or CD95L), when bound to their respective DRs, induce apoptosis by activation of procaspase-8 within the death-inducing signalling complex (DISC).^[@bib2]^ Caspase-8 activation is followed by proteolytic cleavage of caspase-3.^[@bib3]^ Extrinsic and intrinsic cell death is negatively controlled by caspase inhibitors such as X-linked inhibitor of apoptosis protein (XIAP)^[@bib4]^ or by B-cell lymphoma 2 (Bcl-2) proteins that suppress the mitochondria outer membrane permeability (MOMP) by limiting Bax (Bcl-2-associated X protein)/Bak (Bcl-2 homologous antagonist/killer) translocation into the mitochondrial outer membrane.^[@bib5]^ The extrinsic signalling cascade communicates with the intrinsic death pathway by cleavage of Bid (BH3 interacting-domain death agonist), a pro-apoptotic member of the BH3 (Bcl-2 homology domain 3)-only subfamily of Bcl-2 proteins.^[@bib1]^ Other stimuli such as genotoxic stress allow for translocation and pore formation of pro-apoptotic multidomain Bcl-2 proteins Bax and Bak in the outer mitochondrial membrane.^[@bib6],\ [@bib7],\ [@bib8]^ This process promotes release of mitochondria-derived apoptogenic proteins, in particular cytochrome *c*,^[@bib9]^ or smac/DIABLO (second mitochondria-derived activator of caspases/direct IAP binding protein with low pI).^[@bib10]^ Within the apoptosome,^[@bib11]^ active caspase-9 finally leads to activation of caspase-3,^[@bib12]^ and subsequent cell death.

Anti-apoptotic multidomain Bcl-2 proteins (Bcl-2, Bcl-2-like protein 2 (Bcl-w), B-cell lymphoma-extra large (Bcl-X~L~), induced myeloid leukaemia cell differentiation protein (Mcl-1) and Bcl-2-related protein A1 (A1)) with four Bcl-2 homology domains (BH1, BH2, BH3 and BH4) suppress the pro-apoptotic function of Bax-like proteins such as Bax, Bak and Bok (that contain BH1--BH3 domains) or the BH3-only proteins Bad (Bcl-2-associated death promoter), Bim (Bcl-2-like protein 11), Bid, Noxa (phorbol-12-myristate-13-acetate-induced protein 1) and Puma (p53 upregulated modulator of apoptosis).^[@bib13]^ Regulation of mitochondria-mediated apoptosis is determined by the balance between pro- and anti-apoptotic Bcl-2 proteins.^[@bib14]^

In a variety of cancer types, a decrease of BH3-only protein or upregulation of pro-survival Bcl-2 proteins is associated with poor prognosis.^[@bib15]^ In metastatic squamous cell carcinoma (SCC) of the skin or the so-called 'head and neck SCC\' (HNSCC), high expression of pro-survival Bcl-2 proteins conferred radio- and chemotherapy resistance.^[@bib16],\ [@bib17]^ These findings mark Bcl-2 proteins as regulators of SCC apoptosis and indicate that BH3 mimetics may hold therapeutic potential for metastatic SCC. The BH3 mimetics navitoclax (ABT263) and ABT199 are currently under investigation in clinical studies.^[@bib18],\ [@bib19],\ [@bib20]^ Mechanistically, their lead compound ABT737 suppresses Bcl-2 activity by binding to the hydrophobic groove of Bcl-2, Bcl-w and Bcl-X~L~.^[@bib18]^ As ABT263 upregulates Mcl-1, resistance to a number of Bcl-2 inhibitors (ABT737 and ABT263) has been described.^[@bib21]^ Another compound, Obatoclax, was developed to block all anti-apoptotic Bcl-2 proteins including Mcl-1.^[@bib22]^ Obatoclax blocks the interaction of Bim or Bax with Mcl-1.^[@bib23]^ In this report, we have studied the effect of ABT737 for cell death in SCC of the skin and investigated the molecular mechanisms of resistance to different BH3 mimetics.

Results
=======

Expression profile of pro- and anti-apoptotic Bcl-2 proteins in primary and transformed keratinocytes
-----------------------------------------------------------------------------------------------------

We first investigated the expression of different Bcl-2 proteins in a set of SCC cells and compared them with primary keratinocytes (PKs) ([Figure 1a](#fig1){ref-type="fig"}). A heterogeneous expression profile of Bcl-2 and Mcl-1 was detected. Bcl-X~L~ was homogenously expressed in all cell lines studied. Bcl-2 was highly expressed in MET cells and in PKs. PKs are highly resistant to DR-mediated cell death, at least in part by high expression of cFLIP (CASP8 and FADD-like apoptosis regulator)^[@bib24]^ or XIAP.^[@bib25]^ Mcl-1 is more strongly expressed in transformed when compared with PKs. Thus, Mcl-1 could be an attractive therapeutic target in SCC. Bax and Bid were homogenously expressed, whereas Bim was strongly expressed in transformed but not in PKs. MET cells had high expression of Bak, and Bak levels were low in the HaCaT tumour progression model (IL4, IL4/7, A5, A5RT1 and A5RT3).^[@bib26]^ Interestingly, Noxa is strongly expressed in HaCaT and HaCaT-derived SCC cells, but only weakly expressed in MET SCCs. In summary, heterogeneous expression of Bcl-2 proteins suggested that the mitochondrial signalling pathway is tightly regulated in SCC and merits a detailed analysis.

Suppression of Bcl-2 activity by ABT737 promotes cell death in HaCaT-derived SCCs whereas MET cells or PKs are resistant
------------------------------------------------------------------------------------------------------------------------

To examine the function of Bcl-2 and Bcl-X~L~, SCC lines and PKs were treated with different concentrations of ABT737 and cell survival was monitored. In contrast to PKs and MET cells, HaCaT and derived A5RT3 cells were sensitive to ABT737 ([Figure 1b](#fig1){ref-type="fig"}). The ABT737 Enantiomer was ineffective, indicating the specificity of the inhibitor ([Figure 1b](#fig1){ref-type="fig"}). Further analysis of other cell lines ([Figure 1a](#fig1){ref-type="fig"}) for ABT737-mediated cell death demonstrated reduced viability in all HaCaT-derived SCC, DJM and SCC25, but not in MET SCC or PKs ([Figure 1c](#fig1){ref-type="fig"}). Collectively, HaCaT-derived SCC critically required Bcl-2 proteins for survival, whereas PKs and MET cells tolerate ABT737-mediated suppression of Bcl-2, Bcl-w and Bcl-X~L~ activity. This indicated that either other anti-apoptotic Bcl-2 proteins, such as A1 or Mcl-1, or the absence of BH3-only proteins such as Noxa in MET SCC cells are important for MOMP inhibition.

Suppression of Bcl-2 activity by ABT737 leads to rapid loss of mitochondrial membrane potential (MMP, Φ) and DNA fragmentation
------------------------------------------------------------------------------------------------------------------------------

BH3 mimetics allow disintegration of mitochondria by loss of MMP and MOMP.^[@bib18]^ To further dissect the impact of ABT737, MMP and DNA fragmentation was analysed. HaCaT and A5RT3 cells underwent MMP within 24 h, with further increase till 48 h of ABT737 treatment, whereas treatment with Enantiomer had no effect ([Figures 2a and b](#fig2){ref-type="fig"}). In contrast, PKs and MET SCC cells showed minimal ABT737-induced loss of MMP within 24 h, whereas treatment up to 48 h induced loss of MMP in PKs, and to a lesser extent in MET cells ([Figures 2a and b](#fig2){ref-type="fig"}). Kinetic analysis demonstrated loss of MOMP in HaCaT and A5RT3 as early as 4 h after addition of ABT737 ([Figures 2c and d](#fig2){ref-type="fig"}). These results demonstrate that anti-apoptotic Bcl-2 proteins maintain functional integrity of mitochondria in HaCaT-derived SCC. In turn, ABT737 rapidly disturbs MMP and allows overcoming Bcl-2-mediated protection of MOMP. We next examined ABT737-induced DNA fragmentation. Correlating with ABT737-induced MMP loss, we observed a time-dependent DNA fragmentation in ABT737-sensitive cell lines. Interestingly, MET cells accumulate in the G0/G1 cell cycle phase, as indicated by accumulation of cells with diploid DNA content ([Figures 2e and f](#fig2){ref-type="fig"}). These results argue that MOMP is critical for cell death induction by ABT737. Furthermore, ABT737 treatment resulted in cell cycle arrest in MET SCC cells by thus far unknown mechanisms. Taken together, our findings identify Bcl-2 proteins as indispensable inhibitors of mitochondria-mediated apoptosis in SCC.

ABT737-mediated cell death induces rapid early release of mitochondrial proteins and caspase activation irrelevant for clonogenic survival
------------------------------------------------------------------------------------------------------------------------------------------

MOMP results in the release of cytochrome *c*, smac/DIABLO and HtrA2/Omi from mitochondria that induces caspase-dependent or -independent cell death (for review, see Galluzzi *et al.*^[@bib27]^ and Fulda *et al.*^[@bib28]^). As a result of a caspase-dependent degradation of the respiratory complex, as previously described,^[@bib29]^ activation of caspases may escalate mitochondrial dysfunction and could interfere with progression of MOMP. We thus next studied ABT737-mediated cell death, loss of MMP and caspase activation in the presence or absence of the pan-caspase inhibitor zVAD-fmk. ABT737-mediated loss of MMP (within 4 h of stimulation) was partially blocked by zVAD-fmk, indicating that the early loss of MMP is caspase dependent ([Figure 3a](#fig3){ref-type="fig"}). As inhibition of caspase activation does not necessarily reflect clonogenic survival, we performed clonogenicity assays of A5RT3 cells in the presence and absence of zVAD-fmk ([Figure 3b](#fig3){ref-type="fig"}). ABT737 repressed clonogenic survival irrespective of the presence of zVAD-fmk 4 and 7 days after initiation of treatment ([Figure 3b](#fig3){ref-type="fig"}). These results demonstrate that loss of ΔΦM is modulated by caspase activity, most likely because of escalating mitochondrial dysfunction by cleavage of respiratory complex components.^[@bib29],\ [@bib30]^ However, this does not alter the cell biological consequence, as clonogenic survival of SCC cells is not protected. We also assessed activation of caspases in the absence or presence of zVAD-fmk ([Figure 3c](#fig3){ref-type="fig"}). Treatment with ABT737 leads to rapid cleavage of caspase-3 and its substrate poly-ADP-Ribose polymerase-1 (PARP-1), whereas caspase-8 cleavage was only detected at later time points (4 h). These results show that ABT737 induces early and rapid caspase-3 activation and PARP-1 cleavage whereas caspase-8 activation occurs in a feedback loop, as previously described.^[@bib31]^ Cleavage of caspase-3 is suppressed in the presence of zVAD-fmk ([Figure 3c](#fig3){ref-type="fig"}), indicating that the short-term inhibition of caspases ensures protection from early ABT737-induced MMP ([Figure 3a](#fig3){ref-type="fig"}). In contrast, cellular lysates of ABT737-resistant MET4 cells did not show evidence of caspase cleavage. Suppression of ABT737-mediated MMP by zVAD-fmk indicated that caspase inhibition also influenced the release of mitochondria-derived proteins. In A5-RT3 cells, the ABT737-initiated kinetic release of cytochrome *c*, smac/DIABLO and HtrA2/Omi started within 30 min, independent of caspase activation ([Figure 3d](#fig3){ref-type="fig"}). Importantly, caspase-3 activation and PARP-1 cleavage was found within 60 min, and the release of mitochondrial proteins preceded caspase-3 activation. Thus, ABT737 rapidly induced caspase-independent release of mitochondria-derived proteins and subsequent caspase activation in susceptible SCC cells.

XIAP is critical for CD95L- and TRAIL-induced apoptosis, but not necessary to maintain cell death resistance to ABT737 in MET1 cells
------------------------------------------------------------------------------------------------------------------------------------

A synergistic toxicity upon costimulation of tumour cells with ABT737 and DL such as TRAIL or chemotherapeutics was suggested.^[@bib32],\ [@bib33]^ These observations raised the possibility that HaCaT-derived or MET SCC undergo synergistic cell death when combining ABT737 and DLs (e.g., CD95L, TRAIL or tumour necrosis factor (TNF)). ABT737-sensitive and -resistant cell lines were prestimulated with a nontoxic concentration of ABT737 and then treated with CD95L ([Figures 4a and d](#fig4){ref-type="fig"}), TRAIL ([Supplementary Figures 1a--d](#sup1){ref-type="supplementary-material"}) or TNF ([Supplementary Figure 1E](#sup1){ref-type="supplementary-material"}). Neither ABT737-sensitive cell lines (HaCaT and A5RT3) nor ABT737-resistant cells (MET1 and MET4) were sensitized to DL-induced apoptosis by this pretreatment ([Figures 4a and d](#fig4){ref-type="fig"} and [Supplementary Figures 1a--e](#sup1){ref-type="supplementary-material"}). These results demonstrate that ABT737 is not priming SCC to apoptosis, as suggested previously for other cell lines.^[@bib34]^ This effect was independent of Bcl-2, as Bcl-2 overexpression in HaCaT cells did not alter DL sensitivity ([Figures 4e and f](#fig4){ref-type="fig"}). This suggests that HaCaT are able to activate DISC-mediated signals sufficient for caspase-3 activation, independent from the mitochondrial amplification loop, and can be classified as type I cells^[@bib35]^ that do not require mitochondria-mediated caspase activation for DR-induced apoptosis.

XIAP is a potent inhibitor of active caspase-3, and the high expression of XIAP^[@bib24],\ [@bib25],\ [@bib36]^ in MET cells prompted us to study whether XIAP is the decisive protein protecting MET cells from ABT737-induced cell death. To interrogate this hypothesis, we performed loss-of-function studies for XIAP in MET cells. Stable knockdown of XIAP did not sensitize to ABT737-mediated cell death in either MET cell line ([Figures 5a and b](#fig5){ref-type="fig"}), whereas cells were readily sensitized to DL-induced cell death ([Figures 5c and d](#fig5){ref-type="fig"}, open squares and triangles). These results argue for an XIAP-independent mechanism of resistance to ABT737. Interestingly, transduction with retroviruses sensitized MET1 cells to ABT737, but this nonspecific effect was independent of XIAP expression ([Figures 5c and d](#fig5){ref-type="fig"}, black squares and triangles). However, knockdown of XIAP increased DL-mediated cell death ([Figures 5c and d](#fig5){ref-type="fig"}, curves with black squares and triangles), indicating the functional relevance of the knockdown. We next studied the impact of XIAP for caspase-3 activation during DL treatment ([Figures 5e and f](#fig5){ref-type="fig"}). In control cells, CD95L ([Figure 5e](#fig5){ref-type="fig"}) or TRAIL ([Figure 5f](#fig5){ref-type="fig"}) stimulation allowed for predominant caspase-3 cleavage to p20 (indicative of XIAP-protected prodomain cleavage),^[@bib25]^ and to a lesser extent p17. In contrast, prestimulation with ABT737 allowed stronger cleavage to the p17 fragment concomitant with increased PARP-1 cleavage ([Figures 5e and f](#fig5){ref-type="fig"}, left panels). In line with our previous report,^[@bib25]^ XIAP knockdown demonstrated increased cleavage of caspase-3 to the p17 fragment, and PARP-1 cleavage was increased. A similar increase in full cleavage (p17/p15) was detected in the presence of ABT737/CD95L or ABT737/TRAIL ([Figures 5e and f](#fig5){ref-type="fig"}, right panel). These results demonstrate that XIAP not only protects from DL-induced apoptosis, but also ABT737 sensitizes to CD95L- and TRAIL-induced cell death by increased caspase-3 activation. However, our data indicate that XIAP is not crucial to protect from BH3 mimetic-initiated apoptosis in SCC.

The ratio of Mcl-1 and Noxa determines resistance to ABT737-induced cell death in SCC cells
-------------------------------------------------------------------------------------------

Previous studies in cancer models indicated that Mcl-1 is critical for mitochondrial cell death suppression.^[@bib37]^ The Mcl-1-interacting Noxa is a decisive factor to overcome Mcl-1 protection.^[@bib38]^ We thus compared Mcl-1 and Noxa expression levels in the different SCC lines exhibiting sensitivity or resistance to ABT737 ([Figure 1a](#fig1){ref-type="fig"}). Western blot analysis showed largely homogenous expression level of Mcl-1 in ABT737-sensitive HaCaT and HaCaT-derived SCC cells (IL4, I4/7, A5, A5RT1 and A5-RT3) as compared with ABT737-resistant MET1, MET2 and MET4 cell lines. Thus, a direct role of Mcl-1 expression levels to predict ABT737-mediated apoptosis is not obvious ([Figure 1a](#fig1){ref-type="fig"}). In contrast, Noxa is highly expressed in ABT737-sensitive HaCaT and HaCaT-derived SCC cells, but lacks in ABT737-resistant MET cells ([Figure 1a](#fig1){ref-type="fig"}). These results suggest that a high Mcl-1/Noxa ratio predicts ABT737 resistance. The four previously characterized SCC cell lines were also treated with Obatoclax, a pan-Bcl-2 inhibitor that also targets Mcl-1 activity ([Supplementary Figures 2a--d](#sup1){ref-type="supplementary-material"}).^[@bib23]^ In all cell lines, including ABT737-resistant MET cells, Obatoclax dose-dependently induced cell death ([Supplementary Figures 2a--d](#sup1){ref-type="supplementary-material"}). Thus, pan-Bcl-2 inhibitors overcome Mcl-1-mediated cell death resistance in SCC. When we combined ABT737 and sublethal concentrations of Obatoclax, viability assays showed that prestimulation with Obatoclax sensitizes MET cells to ABT737-induced cell death and early loss of MMP ([Supplementary Figures 2e and f](#sup1){ref-type="supplementary-material"}). Thus either Mcl-1 or A1 may act as critical resistance proteins to protect from ABT737-mediated apoptosis. We next tested the functional impact of Mcl-1 in more detail ([Figures 6a--c](#fig6){ref-type="fig"}). Successful repression of Mcl-1 in MET cells ([Figure 6a](#fig6){ref-type="fig"}) by two different siRNAs led to a minor reduction of cell viability as compared with control-transfected cells. However, loss of Mcl-1 dramatically sensitized MET1 or MET4 cells for ABT737-mediated loss of MMP and cell death ([Figures 6b and c](#fig6){ref-type="fig"}). Gratifyingly the protection of MMP from ABT737 correlated to the efficiency of siRNA-mediated downregulation of Mcl-1 ([Figure 6a](#fig6){ref-type="fig"}). These findings demonstrate the indispensible role of Mcl-1 for the maintenance of functional mitochondrial integrity in SCC.

To corroborate the findings for the Mcl-1/Noxa axis, we investigated the functional role of Noxa for ABT737 sensitivity. We thus suppressed Noxa in HaCaT and A5RT3 cells using four independent siRNAs ([Figure 6d](#fig6){ref-type="fig"}). Importantly, ABT737-mediated cell death ([Figure 6f](#fig6){ref-type="fig"}) and MMP ([Figure 6e](#fig6){ref-type="fig"}) were strongly repressed in a Noxa dose-dependent manner in these cell lines ([Figure 6d](#fig6){ref-type="fig"}). In turn, the low expression level of Noxa in MET cells could be a critical reason for their ABT737 resistance. Therefore, we next generated MET1 and MET4 cells that constitutively overexpress Noxa ([Figure 7a](#fig7){ref-type="fig"}). When we tested these cells for their sensitivity to ABT737, survival of Noxa-expressing cells was lower as compared with vector controls ([Figure 7b](#fig7){ref-type="fig"}). In line, ABT737-mediated loss of MMP ([Figures 7c and d](#fig7){ref-type="fig"}) was strongly enhanced in Noxa-expressing MET1 and MET4 cells. Our experiments firmly establish that the Mcl-1/Noxa ratio is of critical importance for regulation of ABT737 sensitivity in SCCs.

Discussion
==========

Defects in the execution of mitochondrial apoptosis are often involved in cancer development and progression.^[@bib28]^ As pro-survival Bcl-2 proteins block stress-induced apoptosis in cancer, a plethora of therapeutics that mimic BH3-only proteins have been developed.^[@bib39]^ ABT737 and the respective oral derivative ABT263 (Navitoclax) are powerful inhibitors of Bcl-2 proteins that suppress Bim/Bcl-2 complexes and, to a lesser extent, Bim/Bcl-X~L~ or Bim/Bcl-w complexes.^[@bib40]^ In this study, we investigated the therapeutic potential of BH3 mimetics for SCC of the skin. Using ABT737, we identified a number of SCC cell lines (HaCaT, A5RT3, DJM, SCC25 and others, compare [Figure 1](#fig1){ref-type="fig"}) that respond to single-agent ABT737 therapy by MOMP-mediated cell death induction ([Figures 2a--d](#fig2){ref-type="fig"} [and 3a](#fig3){ref-type="fig"}), caspase-independent release of mitochondria-derived proteins ([Figure 3c](#fig3){ref-type="fig"}), activation of caspase-3 ([Figures 3c and d](#fig3){ref-type="fig"}) and finally execution of cell death ([Figures 2e and f](#fig2){ref-type="fig"}). These findings show the indispensable function of Bcl-2, Bcl-X~L~ and Bcl-w as resistance factors that protect from intrinsic pathway-induced cell death in a subset of SCC cells.

Combined treatment with ABT737 has previously been described as a successful strategy to overcome resistance and to restore cell death sensitivity to chemotherapeutic agents. For example, ABT737 sensitized ovarian cancer to carboplatin,^[@bib41]^ glioblastoma to ionizing radiation^[@bib42]^ and pancreatic, prostate, renal, lung and melanoma cells to TRAIL.^[@bib43]^ Moreover, ABT737 sensitized SCC cells to cisplatin and etoposide.^[@bib33]^ Based on these observations, we initially investigated the impact of ABT737 for DR-induced apoptosis in SCC cells ([Figure 4](#fig4){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Surprisingly, and in contrast to previous reports, we were unable to increase cell death sensitivity to CD95L ([Figures 4a--d](#fig4){ref-type="fig"}), TRAIL or TNF ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) by ABT737. These findings, together with the lack of protection by Bcl-2 in HaCaT cells, indicate that at least in a subset of SCC, protection of MOMP by Bcl-2 may not alter DL-induced cell death. If all SCC cell lines undergo DR-induced apoptosis independent from mitochondrial protection by Bcl-2, defining SCC as so-called type I cells^[@bib35]^ requires a more extensive study. Nonetheless, our data indicate that combination therapies of Bcl-2 inhibitors and TRAIL receptor agonists^[@bib32]^ need to be tested more vigorously. Our data indicate the need for suitable biomarkers that predict DR sensitivity in SCC. Examples of viable biomarkers, as identified by our study and previous work, could be XIAP^[@bib24]^ or the caspase-8 inhibitor cFLIP.^[@bib44]^

XIAP affects cell death sensitivity when triggering of either the intrinsic or extrinsic cell death pathway occurs.^[@bib1]^ We found a dominant XIAP expression in ABT737-resistant MET cells, but not in HaCaT and A5RT3 cells.^[@bib24],\ [@bib25]^ Thus, XIAP was a likely candidate for apoptosis resistance to ABT737. However, suppression of XIAP in MET cells did not overcome ABT737 resistance, whereas it was critical to maintain resistance to DL-induced apoptosis (compare [Figure 5](#fig5){ref-type="fig"}). With these results, we demonstrate that mitochondria-mediated apoptosis is predominantly regulated upstream of caspase-3 in SCC. In contrast, DR-induced apoptosis is regulated by XIAP independent from a mitochondrial amplification loop. Therefore, we conclude that ABT737 does not prime SCC cells to DR-mediated cell death. Consequently, sensitivity to BH3 agonists must be regulated by other factors directly linked to mitochondrial signalling pathways.

In contrast to HaCaT and A5RT3 cells, MET cells and PK were resistant to ABT737-induced loss of MMP, caspase-3 activation and apoptosis. Resistance to apoptosis in general or specifically to ABT737-induced apoptosis was previously linked to Mcl-1 function in melanoma^[@bib45]^ or SCC cells.^[@bib37]^ To overcome Mcl-1 inhibition, Obatoclax was developed to break resistance to more selective BH3 mimetics.^[@bib23]^ In our analysis, low concentrations of Obatoclax were sufficient to overcome ABT737 resistance in MET cells, as indicated by rapid loss of MMP and cell death ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). These findings indicated an important role for Mcl-1 or A1. When we scrutinized the role of Mcl-1 for ABT737-induced apoptosis in SCC, we identified Noxa as a potential candidate for resistance, whereas Mcl-1 expression did not correlate with ABT737 sensitivity. Our knockdown experiments for Mcl-1 ([Figures 6a--c](#fig6){ref-type="fig"}) or for overexpression of Noxa in ABT737-resistant cells ([Figure 7](#fig7){ref-type="fig"}) corroborated these data and further established that the expression ratio of Mcl-1 and Noxa determines the sensitivity to ABT737. This was -- gratifyingly -- further supported by our data that demonstrated increased ABT737 resistance in cells with suppressed Noxa levels ([Figures 6d--f](#fig6){ref-type="fig"}). When Mcl-1 was lost or Noxa was reconstituted, cell death was dramatically increased in combination with ABT737, in line with recent studies in melanoma using bortezomib^[@bib46]^ or in SCC using chemotherapeutics.^[@bib33]^ Other have reported a mouse model that provoked suppression of Mcl-1 by caloric restriction (induced by 2-deoxyglycose). This was sufficient to sensitize to ABT737.^[@bib47]^ S1, another BH3 mimetic that targets Mcl-1 and Bcl-2, also promotes upregulation of Noxa and thereby overcomes ABT737 resistance via increased endoplasmic reticulum stress.^[@bib48]^ Together, Noxa-dependent inactivation of Mcl-1,^[@bib49]^ suppression of Mcl-1 expression,^[@bib50]^ p53-dependent regulation of Mcl-1^[@bib42]^ or caspase-dependent degradation of Mcl-1^[@bib51]^ are possible triggers that confer sensitivity to ABT737-induced apoptosis. Therefore, compounds that not only target multidomain Bcl-2 proteins but also reduce the Mcl-1/Noxa ratio could represent innovative therapeutic strategies.^[@bib52]^

As outlined above, combination therapies may represent the most promising approach for cancer therapy with BH3 mimetics, as previously suggested.^[@bib28]^ Inhibition of Bcl-2 and Bcl-X~L~ *in vitro* and *in vivo* by gossypol (a naturally occurring Bcl-2 inhibitor) correlated with apoptosis induction.^[@bib53]^ However, BH3 mimetics not only influence cell death, but also senescence,^[@bib54]^ autophagy^[@bib55]^ or ER stress responses.^[@bib48]^ ABT263 has a serious dose-limiting side effect that restricts its clinical utility, as severe thrombocytopenia occurs as on-target effect of BCL-X~L~ neutralization.^[@bib20]^ ABT199, which selectively inhibits Bcl-2 while sparing Bcl-X~L~, has recently emerged as therapeutic advance in therapy-resistant haematological malignancies.^[@bib20]^ As our study highlights the role of the Mcl-1/Noxa axis for SCC cell death resistance, other combination therapies appear promising. We suggest using BH3 mimetics with strong Mcl-1 inhibitory function. Examples of such BH3 mimetics include MIM1^[@bib56]^ or maritoclax (Marinopyrrol A).^[@bib57]^ Alternatively, combination therapies that upregulate Noxa (such as Bortezomib) could overcome Mcl-1 inhibition. As indicated at least in a subset of our SCC cell lines, SCCs are strongly protected by Mcl-1 from BH3 mimetics. Thus agents such as MIM1 or maritoclax appear more promising than ABT737 or navitoclax, respectively. Other combination therapies may utilize AT101 (a gossypol isomer) for inhibition of both Bcl-2 and Mcl-1.^[@bib58]^ Therefore, treatment strategies in SCCs will likely depend on the differential expression profile of Bcl-2 proteins and call for a more systematic study of the Bcl-2 proteins in patient-derived xenograft (PDX) models of SCC of the skin.

Materials and Methods
=====================

Materials
---------

The following antibodies (Abs) were used for western blot analysis: Bak, Bcl-X~L~ and cytochrome *c* (7H8.2C12; BD Bioscience Pharmingen, San Diego, CA, USA), Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bax (B73520) and XIAP (H62120; Transduction Laboratories, San Diego, CA, USA), cytochrome *c* oxidase subunit II (part of COX IV complex, 12 C4F12; Life Technologies, Darmstadt, Germany), Mcl-1 (D35A5; New England Biolabs, Frankfurt, Germany) and NOXA (114C307; Abcam, Cambridge, UK). Polyclonal Abs to human Bid was kindly provided by X Wang (MD Anderson Cancer Center, Houston, TX, USA). Antiserum recognizing human HtrA2/Omi was kindly provided by Suzuki *et al.*,^[@bib59]^ and Abs to Smac/DIABLO were kindly provided by Marion McFarlane (MRC, Leicester, UK). Abs to caspase-8 (C-15; kindly provided by PH Krammer, DKFZ, Heidelberg, Germany), caspase-3 (CPP32; generously provided by H Mehmet, Merck Frosst, Quebec, QC, Canada), PARP-1 (clone C-2-10; Biomol, Plymouth, PA, USA), rat Abs to cIAP1 (cellular inhibitor of apoptosis protein 1)^[@bib60]^ and cIAP2 (cellular inhibitor of apoptosis protein 2),^[@bib61]^ *β*-tubulin (clone 2.1) and BIM (B7929) were from Sigma (St. Louis, MO, USA). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit, goat anti-rat IgG and goat anti-mouse IgG Abs and HRP-conjugated goat anti-mouse IgG1, IgG2a and IgG2b were obtained from Southern Biotechnology Associates (Birmingham, AL, USA).

Cell culture
------------

Primary human keratinocytes were cultured in CnT-07 medium from Cell-N-Tech (Bern, Switzerland) for a total of 2--6 passages after isolation. The spontaneously transformed keratinocyte line HaCaT and the derived nonmetastatic clones A5 and A5-RT1, as well as the metastatic clone A5-RT3,^[@bib26]^ were kindly provided by Dr. Petra Boukamp (DKFZ, Heidelberg, Germany). MET1, MET2 and MET4 cells^[@bib62]^ were provided by I Leigh (Skin Tumor Laboratory, Cancer Research UK, London, UK). Cell lines were exactly cultured as described previously.^[@bib63],\ [@bib64]^ DJM and SCC25 cells were cultured in complete DMEM medium with 10% FCS, 1% HEPES and 1% sodium pyruvate.

Substrates
----------

For cell death induction and the analysis of quality and quantity of cell death, the following substrates were used: ABT737 and the ABT737 Enantiomer were kindly provided by Abbott Laboratories (North Chicago, IL, USA) and Obatoclax was purchased from Adooq Bioscience (Irvine, CA, USA). His-FLAG-TRAIL (HF-TRAIL) was produced as previously described.^[@bib65]^ For expression of Fc-CD95L, we used constructs published elsewhere,^[@bib66]^ kindly provided by P Schneider (Epalinges, Switzerland). One unit of Fc-CD95L was determined as a 1 : 500 dilution of the stock Fc-CD95L supernatant, and 1 unit/ml of Fc-CD95L supernatant was sufficient to kill 50% (LD~50~) of A375 melanoma cells, as previously described.^[@bib67]^ Propidium iodide was obtained from Sigma (St. Louis, MO, USA), crystal violet was from VWR International (Radnor, PA, USA) and TMRE (tetramethyl rhodamine ethyl ester perchlorate) was from Molecular Probes (Eugene, OR, USA).

Retroviral infection
--------------------

To overexpress Bcl-2, we used the Pinco retroviral vector as described previously.^[@bib68]^ The cDNA of Noxa was subcloned into pCFG5 retroviral vector. Sequence-confirmed vectors were used for transduction of HaCaT (Bcl-2) or MET1 and MET4 (Noxa) cells, respectively. For virus production, the amphotrophic producer cell line ΦNX was transfected with 10 *μ*g of the retroviral vectors by calcium phosphate precipitation. Cell culture supernatants containing viral particles were generated by incubation of producer cells with HaCaT medium (DMEM containing 10% FCS) or MET medium (DMEM containing 10% FCS, sodium pyruvate and HEPES buffer) overnight. Following filtration (45 *μ*m filter, Schleicher & Schuell, Dassel, Germany), culture supernatant was added to HaCaT cells seeded in 6-well plates 24 h earlier in the presence of 1 *μ*g/ml polybrene. After centrifugation for 3 h at 30°C, viral particles containing supernatants were replaced by fresh medium. After 3 days of puromycin selection of bulk-infected HaCaT or 14 days of zeocine selection of bulk-infected MET cultures, FACS analysis for GFP expression (always \>95%, data not shown) and western blot analysis was performed on polyclonal cells to confirm ectopic expression or successful knockdown of the respective molecules. The empty retroviral vectors served as controls. Aliquots of cells were used for the experiments between passages two and six after initial characterization for all subsequent studies.

Stable siRNA expression
-----------------------

For stable knockdown of XIAP, shRNA targeting XIAP sequence 241 (5′-GTGGTAGTCCTGTTTCAGC-3′) corresponding to mRNA sequence and as a control a hyper random sequence (HRS) with no corresponding part in the human genome (5′-GATCATGTAGATACGCTCA-3′) were cloned into pRETRO-SUPER using *Hin*dIII and *Bgl*II restriction sites as previously described.^[@bib69]^ The resulting vectors were transfected into the amphotrophic producer cell line exactly as outlined above. The retrovirus-containing supernatant was used to infect MET1 and MET4 cells with HRS shRNA or XIAP shRNA, respectively, and selected with puromycin (1 *μ*g/ml; Sigma, Taufkirchen, Germany) for 3 days to obtain puromycin-resistant bulk-infected cultures for further analysis. FACS analysis of GFP expression (always \>95%, data not shown) and western blot analysis was performed on polyclonal cells to confirm successful knockdown. Aliquots of cells were used for cytotoxic assays and biochemical characterization between passages two and six following the antibiotic selection.

Lipofectamine-mediated transfection of Mcl-1- or Noxa-specific siRNA in HaCaT or A5RT3 cells
--------------------------------------------------------------------------------------------

For transient knockdown of Mcl-1 or Noxa expression, Mcl-1-specific siRNA species ((HS Mcl-1 1--6 (\#1); 1--2 (\#2; 1--8 (\#3); and 1--11 (\#4) Flexi Tubes)) or NOXA-specific siRNA species ((HS PMAIP 1--1 (\#1); 1--4 (\#2); 1--5 (\#3); and 1--6 (\#4) Flexi Tubes), or a negative control siRNA (AllStar negative control siRNA) from Qiagen (Valencia, CA, USA) were used. In brief, 250 *μ*l Opti-MEM (Life Technologies, Gibco, Darmstadt, Germany) containing 5 *μ*l of respective siRNA duplex (20 *μ*M) was mixed with 250 *μ*l Opti-MEM containing 5 *μ*l Lipofectamine (Life Technologies, Invitrogen, Darmstadt, Germany) for 25 min by room temperature. The formed siRNA containing liposomes were transferred onto adherent MET cells in a 6-well plate with previously changed medium and incubated for 24 h by 37°C. After 24 h, the medium was changed and cells were incubated for additional 24 h, harvested and analysed for Mcl-1 or Noxa knockdown. In parallel, the respective functional assays as depicted in the figures were performed.

Western blot analysis
---------------------

Cell lysates were prepared as described previously^[@bib70]^ and 5 *μ*g of total cellular proteins were separated by SDS-PAGE on 4--12% gradient gels (Invitrogen, Karlsruhe, Germany) followed by transfer to nitrocellulose or PVDF membranes. Blocking of membranes and individual incubation with primary and appropriate secondary Abs was performed as recommended by the companies respectively. Bands were visualized with ECL detection kits (Amersham, Freiburg, Germany).

Cytotoxicity assays
-------------------

### Analysis of living attached cell by crystal violet staining

Crystal violet staining of attached, living cells was performed 18--24 h after stimulation with the indicated concentrations of ABT737, Obatoclax, TRAIL, CD95L, TNF alone or the respective combinations in 96-well plates. We routinely use triplicate wells per condition as described previously.^[@bib67]^ The optical density (OD) of control cultures was normalized to 100% and compared with stimulated cells. In case of combined stimulation of ABT737 or DMSO or Enantiomer together with CD95L ([Figure 4](#fig4){ref-type="fig"}), TRAIL ([Supplementary Figures 1a--d](#sup1){ref-type="supplementary-material"}) or TNF ([Supplementary Figure 1e](#sup1){ref-type="supplementary-material"}), the spontaneous cytotoxic effect of single diluents and substrates was subtracted from each costimulation to solely show specific DL-induced cell death. For statistical analysis the S.E.M. was determined for three to five independent experiments of each cell line and stimulatory condition.

### Hypodiploidy analysis

For quantify diploidic DNA content, cells were stimulated with the indicated concentrations of ABT737 for 24 or 48 h. Cells floating in the supernatant as well as attached cells were harvested, collected, washed with cold PBS and resuspended in buffer N (sodium citrate 0.1% (w/v), Triton X-100 0.1% (v/v) and propidium iodide 50 *μ*g/ml). Cells were kept in the dark at 4°C for 36--48 h and then diploidy was measured by FACScan analysis and summarized with FCS Express version 3 program (*De Novo* software, Glendale, CA, USA).

### MMP analysis

For determination of MMP, PK, MET1, MET4, HaCaT and A5RT3 cells were harvested by trypsinization upon stimulation with ABT737, Enantiomer or diluents after indicated time points. Cells were washed with cold PBS and resuspended with respective medium containing TMRE at a final concentration of 40 nM. Following a 10-min incubation period at 37°C in the dark, MMP was determined by FACScan analysis and summarized with FCS Express version 3 programs (*De Novo* software). Nonstimulated cells served as control for TMRE staining.

### Analysis of colony formation

For colony formation assay, 5 × 10^4^ cells of parental A5RT3 cells were seeded per well in a 12-well plate. After 24 h of incubation, adhering cells were either nonstimulated or separately prestimulated with zVAD-fmk (10 *μ*M, for 1 h) or dimethyl sulphoxide (DMSO) or ABT737 or Enantiomer of ABT7373 (5 *μ*M, for 30 min) alone or in respective indicated combination of the compounds for 6 h. At that time, medium was removed, cells were washed two times with sterile PBS and complete medium was added. Cells were cultured for 4 or 7 days, and subsequently colonies of viable cells were stained by crystal violet as indicated above.

Cell fractionation to determine release of mitochondrial-derived proteins into cytoplasm
----------------------------------------------------------------------------------------

We used the selective lysis of digitonin-based buffers to identify the release of mitochondrial proteins such as cytochrome *c*, HtrA2/omi and smac/Diablo^[@bib71]^ with modifications as published previously.^[@bib25]^ Next, 1 × 10^6^ A5RT3 cells were allowed to adhere overnight. Cells were either stimulated with ABT737 (5*μ*M) or the respective Enantiomer, followed by Trypsin-mediated harvesting after the indicated time points. Cells were washed with cold PBS, centrifuged and resuspended in 60 *μ*l PBS. Resuspended cells were lysed with the same volume of digitonin lysis buffer (150 *μ*g Digitonin (Fluka 37006, Sigma Aldrich, Munich, Germany), 1 ml 500 mM Sucrose) for 10 min at room temperature followed by centrifugation (3000 r.p.m.) for 5 min at 4°C. The resulting supernatant was centrifuged again (14 000 r.p.m.) for 30 min at 4°C, and the same volume of the supernatants were transferred into another tube and used to isolate the cytoplasmic fraction. The remaining cell pellet that contains the mitochondrial fraction was resuspended and lysed with 100 *μ*l DISC-Lysis buffer ((30 mM Tris-HCl (pH 7.0), 120 mM NaCl, 10% Glycerol, 1% Triton, complete protease inhibitor cocktail (Roche, Mannheim, Germany)) for 30 min on ice followed by centrifugation for 20 min by 14 000 r.p.m. Same volumes of supernatants were transferred into a fresh tube (and designated the mitochondrial fraction). Both cell fractions were analysed by western blot assay as described above for presence of mitochondria-based proteins (cytochrome *c*, smac and HtrA2). Purity of cytoplasmic fraction was assessed by confirming the absence of cytochrome oxidase (COXIV).
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![Expression analysis of Bcl-2 proteins and correlation with cell death sensitivity to ABT737 in primary and transformed keratinocytes. (**a**) Heterogeneous expression of pro- and anti-apoptotic Bcl-2 proteins in PKs and SCC cell lines. Three donors of PKs, HaCaT (K) and HaCaT-derived SCC, as well as DJM-1, SCC25 and cell lines from the intraindividual MET tumour progression model were analysed for expression of anti-apoptotic multidomain (Bcl-2, Bcl-X~L~ and Mcl-1) and pro-apoptotic multidomain (Bax and Bak) or BH3-only Bcl-2 proteins (Bim, Bid and Noxa). Total protein lysates (5 *μ*g) were separated with 4--12% NuPAGE gradient gels before detection of Bcl-2 proteins and *β*-tubulin as loading control by western blot analysis. One representative experiment of a total of three experiments is shown. (**b** and **c**) PKs and SCC cells show differential sensitivity to ABT737-induced cytotoxicity. PKs and different SCC cells were either stimulated with DMSO, different concentrations of ABT737 or its inactive Enantiomer (E, 10 *μ*M) of ABT737 for 18--24 h followed by crystal violet assay as described in the Materials and Methods. (**c**) Summary of the differential sensitivity of PKs and SCC cell lines to 10 *μ*M ABT737, 10 *μ*M Enantiomer or diluents (DMSO) as compared with nontreated cells. S.E.M. of 3--5 independent experiments is shown (**b** and **c**)](cddis2014379f1){#fig1}

![Kinetics of ABT737-induced loss of mitochondrial membrane potential (MMP) promotes cell death in HaCaT and A5RT3 cells, but not in PKs or MET cells. (**a** and **b**) PKs (donors E and L), HaCaT, HaCaT-derived A5RT3 and MET1 or MET4 cells were either stimulated with 10 *μ*M ABT737, the respective Enantiomer or with DMSO for 24 or 48 h (control). The loss of MMP was investigated by FACS using staining with TMRE as described in the Materials and Methods. Quantitative summary of three independent experiments is shown in (**b**). (**c** and **d**) HaCaT and A5-RT3 cells were stimulated with ABT737 (10 *μ*M), inactive Enantiomer or DMSO (control) alone for the indicated times. Loss of MMP was analysed as described for (**a**). The quantitative summary of TMRE-positive cells of two independent experiments with stimulation with 10 *μ*M of ABT737 is shown in (**d**). (**e** and **f**) Apoptotic cell death of the indicated cells was analysed by hypodiploidy analysis after stimulation with ABT737 (10 *μ*M), Enantiomer (10 *μ*M) or DMSO (control) for 24 and 48 h and the quantification of two independent experiments is depicted in (**f**)](cddis2014379f2){#fig2}

![ABT737 induces the release of mitochondrial proteins and reduces clonogenic survival in a caspase-independent manner, whereas caspase activity accelerates the early loss of MMP. (**a** and **c**) ABT737-sensitive A5-RT3 and ABT737-resistant MET4 cell lines were analysed for the loss of MMP (**a**) or the cleavage of caspase-8, caspase-3 and PARP-1 (**c**) in the presence or absence of zVAD-fmk. A5RT3 and MET4 cells were either separately or in combination prestimulated with 10 *μ*M of zVAD-fmk (1 h) or ABT737 (5 *μ*M) (6 h in **a**; and 1 h or 4 h in **c**) and analysed for MMP by FACS (**a**) or caspase and PARP-1 cleavage by western blotting (**c**). (**b**) Clonogenic survival of A5-RT3 cells was determined in the presence and absence of zVAD-fmk (prestimulation 1 h, 10 *μ*M) and/or ABT737 (5 *μ*M, for 6 h). After the respective incubation times, medium was exchanged with fresh medium and clonogenic survival was investigated 4 to 7 days later. Colony formation was visualized with crystal violet. One representative experiment of a total of three independent experiments is shown. (**d**) Release of mitochondrial proteins into the cytoplasm was kinetically determined after prestimulation with or without zVAD-fmk and ABT737 (5 *μ*M) for the indicated times by cellular subfractionation. Cleavage of caspase-3 and PARP-1 in total cellular lysates as well as release of cytochrome *c*, smac/DIABLO, HtrA-2/Omi and of COXIV or *β*-tubulin as control for purity of the cell fractionation was determined by western blot analysis](cddis2014379f3){#fig3}

![DL-mediated cell death is not facilitated by ABT737 in SCC cell lines. (**a**--**d**) Inhibition of Bcl-2 family proteins by ABT737 does not synergize with CD95L-induced cell death. A5-RT3, HaCaT, MET1 and MET4 cells were analysed for CD95L-induced cell death in the presence of nontoxic or low toxic concentration of ABT737. Cells were either left unstimulated, prestimulated for 1 h with ABT737 (0.1 *μ*M for A5RT3 and HaCaT; 1 *μ*M for MET cells) or with the respective diluents (DMSO) or inactive compound (Enantiomer) followed by stimulation with CD95L for 18--24 h with the indicated concentrations. Cytotoxic effect of DMSO, Enantiomer or ABT737 alone was normalized as 100% as indicated in the Materials and Methods. (**e** and **f**) Bcl-2 overexpression does not confer resistance to CD95L- or ABT737-induced cell death. HaCaT cells were transduced with Bcl-2 or control retroviruses. Bcl-2 expression was analysed by western blotting. *β*-Tubulin serves as internal loading control (**e**; inlet). For analysis of cell death, the respective cell lines were either stimulated with CD95L (**e**) or with 10 *μ*M of ABT737, Enantiomer or DMSO alone for 18--24 h. Surviving attached cells were quantified with crystal violet assay. Summary of three to five independent experiments is shown and S.E.M. is depicted](cddis2014379f4){#fig4}

![XIAP expression does not explain ABT737 resistance in MET cells, whereas XIAP suppresses TRAIL- or CD95L-induced caspase-3 activation and cell death. (**a**) Knockdown of XIAP in MET cell was performed as described in the Materials and Methods. Expression of XIAP, cIAP1, cIAP2 and *β*-tubulin was analysed by western blotting in parental MET 1 cells, or in cells transduced with either XIAP shRNA-containing vector or hyper random sequence (HRS)-shRNA expressing vector. (**b--d**) Analysis of ABT737-mediated (**b**), CD95L-induced (**c**) or TRAIL-induced (**d**) cell death in control and XIAP knockdown cells was analysed. Transduced MET cells were either stimulated for 18--24 h (**b**; MET1, MET2, MET4) or prestimulated for 1 h with 10 *μ*M ABT737 or 10 *μ*M Enantiomer (Enan.) followed by stimulation with indicated concentrations of TRAIL or CD95L (MET1) for additional 18--24 h. Cell survival was monitored using crystal violet assay. Summary of three to five independent experiments is shown and S.E.M. was determined. (**e** and **f**) Following 1 h of prestimulation with ABT737 (5 *μ*M) or Enantiomer (5 *μ*M), stimulation with CD95L (25 U/ml) (**e**) or TRAIL (100 ng/ml) (**f**) alone or in combination with ABT737 or Enantiomer for 3 h was performed. Cleavage of caspase-3 and PARP-1 was analysed in 5 *μ*g of total cellular lysates that were separated with 4--12% NuPAGE gradient gels before detection of indicated proteins, and *β*-tubulin as loading control, by western blot analysis](cddis2014379f5){#fig5}

![The ratio of Mcl-1 and Noxa determines ABT737 resistance in SCC cells. Transient knockdown of Mcl-1 in MET1 and MET4 cells (**a**--**c**) or knockdown of Noxa in A5RT3 and HaCaT cells (**d**--**f**) was performed with different Mcl-1-specific (**a**--**c**) or Noxa-specific siRNA (**d**--**f**) and control siRNA as described in Materials and Methods section. The successful knockdown of Mcl-1 (**a**) or Noxa (**d**) was determined by western blot analysis using the respective Noxa- and Mcl-1-specific antibodies. *β*-Tubulin serves as control for equal loading. One experiment of total of three independent experiments (**b** and **e**) or the quantitative summary of three independent experiments+S.E.M. is shown (**a** and **d**, above the western blot analysis). (**c** and **f**) One representative experiment of a total of three independent experiments (**b** and **e**) or the quantitative summary of three independent experiments together with S.E.M. is shown (**c** and **f**). (**c**) For the analysis of ABT737-induced cell death, MET1 and MET4 cells with knockdown of Mcl-1 (**a** and **c**) or HaCaT and A5RT3 cells with knockdown of Noxa (**d** and **f**) were stimulated with diluents (DMSO), Enantiomer (10 *μ*M) or ABT737 (10 *μ*M) for 18--24 h. Surviving attached cells were quantified with crystal violet assay. Summary of three to five independent experiments is shown+S.E.M.](cddis2014379f6){#fig6}

![Overexpression of Noxa sensitizes MET1 and MET4 cells to ABT737-induced cell death. (**a**) Overexpression of Noxa in MET1 and MET4 cells was performed as described in the Materials and Methods section. The successful overexpression of Noxa (**a**) was determined by western blot analysis using Noxa-specific antibodies; *β*-tubulin serves as control for equal loading. (**b**) For analysis of ABT737-induced cell death, cells characterized in (**a**) were stimulated with diluents (DMSO), Enantiomer (10 *μ*M) or ABT737 (10 *μ*M) for 18--24 h. Surviving attached cells were quantified with crystal violet assay. Summary of three to five independent experiments is shown and S.E.M. is depicted. (**c** and **d**) For determination of loss of MMP, the respective genetically manipulated cells were stimulated for 8 h with Enantiomer (10 *μ*M) or ABT737 (10 *μ*M); loss of MMP was visualized by TMRE staining and FACS analysis. One representative experiment (**c**) or the quantitative summary of three independent experiments together with S.E.M. is shown (**a** and **d**)](cddis2014379f7){#fig7}
